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Introduction
Batteries of several chemistries provide a reliable source for the numerous handheld devices utilized throughout the world today. One such chemistry, the Lithium Carbon Monofluoride chemistry, produces a cell that provides a relatively flat voltage discharge curve for a majority of the discharge profile. For example, at a continuous discharge current of 500mA and at a temperature of 60°C, the discharge curve of a LiCFx Dsized cell used in this project is shown in Figure 1 . Its flat discharge curve, with a sudden drop toward the end, makes it challenging to indicate the State of Charge (SOC) of the battery accurately. Coulomb Counting alone is inadequate as an estimate of SOC due to nonlinear dependence of battery performance from variations in cell voltage, temperature, and charging current. For the LiCFx battery, in order to increase the accuracy and accommodate the flat discharge curve of the battery, an Artificial Neural Network (ANN) to enhance SOC estimation.
State of Charge Indicator (SOCI) Design Overview
A State of Charge Indicator (SOCI) has been designed to take voltage, discharge current and ambient temperature inputs from the battery count. These values are collected from the respective sensors that are present on the board (shown in Figure 2 ). The output of these sensors is sent to an MSP430 series microcontroller, where all of the evaluation is performed. The data is converted using the on board analog to digital (A/D) converter on the MSP430. This converted data is sent to the Artificial Neural Network (ANN) that is programmed in the MSP430. This ANN uses these parameters to enhance the SOC estimate from what has been obtained from a Coulomb Counting SOC method.
The SOC estimate is shown on a display consisting of a set of five light emitting diodes (LEDs). Table 1 presents the range of SOC values for a given number of LEDs lit. Artificial neural networks are computational intelligence architectures based on biological neural networks. They are capable of "learning" interdependencies and trends in data 4 . The basic unit of an ANN is a neuron, which is functionally similar to a biological neuron. Each biological neuron has a set of inputs and produces an output based on a function of those inputs. An interconnected network of neurons combines these functions to produce an output based on its weights, aggregations and comparisons.
An artificial neuron aims to achieve the same goal by using numerical weights, a threshold value, and internal functions to produce an output vector for a given input vector. This is a studentbased design project. It was funded as a Small Business Innovative Research (SBIR) project, but the work was essentially performed by students. An undergraduate student developed the initial design based a charge counter along with a simple display. The compactness, low power consumption, and accuracy of version 1 of this SOCI led to the SBIR funding.
For the rest of the project, one doctoral student provided expertise and continuity to the research effort. Undergraduates were hired under his supervision. Two of them remained with the project for the balance of their undergraduate time, typically a year and then stayed for their Master's degree 3, 6 . Two others left the project upon completion of their baccalaureate degree. The budget was set up intentionally to enable this model of academic project organization.
The doctoral student provided expertise in the design of each successive version. He provided the resident memory and originated the important design concepts. Under his supervision, undergraduates performed design work and interfaced each successive section of the circuitry. They did the board artwork, selected the components, populated the boards, and did the (sometimes tedious and exacting) testing. For good and ill, the boards show their work on a project that was eventually quite successful in achieving its goals. Though their product was not selected for manufacturing, their work strongly challenged two large battery companies to produce and manufacture the requisite two competing products that the government sought.
The n input vector, which is fed to an artificial neuron, with n dimensions can be expressed as shown in (1): (1) In an artificial neuron, for each input x q a weight w q is assigned. The neuron calculates the weighted sum z as shown in (2): (2) The output of the neuron is governed by the activation function, which acts as a threshold. Considering this, the output is given by (3): (3) where is an activation function. Typically this activation function is a sigmoid function, (x) f s such as (4): (4) An ANN consists of multiple interconnected artificial neurons, arranged in several layers. The neurons are arranged in layers: one input layer, one output layer, and multiple hidden layers. The neurons in the input layer have the activation function . Hidden layers and output layers (x) f s = x may have sigmoid or other activation functions.
ANN First Implementation
An ANN so implemented is called a "feed forward" network. This consists of two layers of neutrons, in which one of the layers evaluates the synaptic weight of each input and sums the weights as input for the second layer. The second layer evaluates the weight of the input from the first layer. The second layer also calculates the final output 3, 4 . The implemented ANN, as illustrated in Figure 3 , consists of the stimuli/inputs to receptors which process these inputs. In the ANN at hand, these inputs to the ANN consist of five values:
• The battery capacity (Ah)
• The voltage and current sampled at three consecutive time steps (t 1 , t 2 and t 3 )
• The operational temperature The output of the receptors is then fed to the ANN function itself. The ANN performs its calculations and assigns a value between 0 and 1 as its output. This value represents an estimate between 0% and 100% effective capacity, respectively, of the SOC at that time. The Effectors then provide a response. In the ANN at hand, this response is the display on the LEDs.
ANN Revised Implementation
ANNs can train themselves to operate effectively by operating on a series of inputs over time. An ANN is more effective if its functions are programmed in advance. Data collected from testing batteries 1 process through MATLAB simulation math models were used to train the ANN at hand for its range of expected discharge current and temperature conditions. Models for the ANN at hand and their application for training are explained in reference 1 .
The ANN is a Tansig/Linear Neural Network (NN), consisting of five inputs, fourteen hidden neurons and one output. As shown in Figure 4 , within this ANN, the voltage, current and temperature data is processed into five different timevarying features that hold a strong relationship with the SOC 3 • Amperehour (Ah) discharge • Time average current voltage and temperature • Cumulative average of duty cycle. The data used have been modeled using a constant load with five degree increments from 40°C to 80°C 3 . Figure 4 shows the overview of the feed forward network. For each set of data at specified conditions, the training process was performed by using 60% of the data to train the network, 20% to validate the training, and 20% to test the ANN. Figure 5 shows the evaluation of the SOC algorithm with respect to the training data. In this case, the SOC has been trained with 60% of the data available for certain input conditions and then tested for 20% of that data 3 . As indicated, the estimated and the true SOC values are nearly identical. Percent error from Figure 5 is less than 1%. The ANN validated by this training is programmed onto the MSP430 and has been tested on the SOCI design as well by being a part of the system. For the SOCI, the ANN was trained with temperatures from 24°C to 80°C 1 . Extreme cold temperatures were excluded in this case. The full range of current and voltage levels are included in the trained algorithm.
The battery status can be indicated in a single or a string of LEDs or on a liquidcrystal display (LCD) that indicates the SOCI and battery condition, as shown in Figure 6 . The EEPROM processor a type of computer processing unit is used to run the Battery Management System (BMS), including the SOCI algorithm. 
SOCI Performance
Over several versions of the SOCI, the models, training, and circuitry have been improved. Contributing factors here are improvements in the hardware design, and increases in the accuracy of both the control software and the evaluating software.
Size: As shown in Figure 7 , the size of the board has been reduced significantly. The width of the SOCI has been brought down from 2.5" to 2.0". The horizontal white line on Version 5 indicates the space above which the circuit for the SOCI resides. As can be readily observed from Figure 7 , the board could be readily reduced to 20% or less of its area for manufacturing. Table 2 provides an overview of the current consumption of the SOCI in various stages of operation over different versions of the board. This is the current that the SOCI consumes from the LiCFx battery in its different modes of operation. The SOCI spends most of its time in a sleep mode. At fixed time intervals, it awakens to an ON mode, gathers data, processes data, makes appropriate calculations and estimates, and stores the estimate. When finished, it returns to a sleep mode 4 . On manual command from push button, it displays its estimates on LEDs. Overall current consumption has decreased substantially and, in all but one case, the set requirements are met.
Component Count. To help reduce the size, designs and number of components have been modified. Table 3 provides an overview of these changes. Table 4 provides a cost comparison of the different versions. The SOCI design has progressively improved the total price of the board with successive versions. 
Assessment of the Project as an Educational Opportunity
To assess this project and its educational aspects, two indicators provide reasonable feedback on performance. The first indicator is the effectiveness of the product that the students produced. Their SOCI met standards of accuracy, power consumption, and cost that had not been previously attained, though attempted by several large defense contractors. They produced a product that worked reliably, efficiently, and effectively within budget. In the process of testing, they found previously unnoticed problems with the performance and modeling of the batteries produced by one of the battery manufacturers, a large American firm. Eventually, because their work proved that this challenging product could be made, a large defense contractor produced a competing device. Another large defense contractor followed suit, though more slowly. After completing this project and a few other projects for the same government agency, a new SBIR, phases 1 and 2, were awarded to the university. The agency stated that the pattern of success on this project and others was significant in awarding the new SBIR.
The second assessment indicator is the success of the early stages of their careers. The doctoral student found successful design work with a series of electrical equipment manufacturers. He is now starting his own consulting and design business. The first of the undergraduates has been with SpaceX as an electronics and power design engineer for several years. The other undergraduate has been with Agilent as a design engineer, again for several years. The first undergraduate who stayed for a Masters degree found a position with Orbital Technologies as a design engineer. The other accepted an engineering faculty position in India and is currently on leave studying for a doctoral degree in Singapore. Three of the four undergraduates has stayed with their same employer.
Conclusion
This paper presents an overview of the use of an Artificial Neural Network to determine the SOC of a highperformance, flatdischargecurve LiCFx battery. It presents test results over multiple prototypes of the board. By utilizing the ANN, along with improved hardware and software, the overall accuracy of the board ranges exceeds 98%. The board fits within typical enclosures for these batteries.
The ANN algorithm and the nature of the LiCFx chemistry makes this SOCI trainable for other primary battery chemistries. As observed from the data, using the ANN technology on the SOCI board, the performance and the accuracy of the design have improved across several parameters such as cost, current consumption and the overall space used by the design.
The students produced a SOCI that competed well with those created by major defense contractors, proving that such devices could be successfully designed and built and challenging those contractors to do so. All five students have found highly desirable engineering positions and have been successful with those employers in the first years of their respective careers.
